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Obstructive uropathy in the mouse: Role of osteopontin in Regardless of etiology, most forms of chronic renal
interstitial fibrosis and apoptosis. disease tend to progress to end stage glomerulosclerosis
Background. Osteopontin is a macrophage adhesive protein and tubulointerstitial fibrosis over time. Many studies
that is expressed by renal tubules in tubulointerstitial disease.
suggest that it is the severity of tubulointerstitial fibrosisMethods. To investigate the function of OPN, we induced
which best correlates with the degree of renal impair-tubulointerstitial disease in OPN null mutant (OPN2/2) and
ment and the risk for progression [1–3]. Therefore, therewild-type (OPN1/1) mice by unilateral ureteral ligation. Tissue
was analyzed for macrophages (ED-1), types I and IV collagen has been much attention devoted to understanding the
deposition, TGF-b expression, and for tubular and interstitial mechanisms of tubulointerstitial fibrosis.
cell apoptosis. There is increasing evidence that tubulointerstitial
Results. Obstructed kidneys from both OPN2/2 and OPN1/1
inflammation, and particularly interstitial macrophagemice developed hydronephrosis, tubular atrophy, interstitial
infiltration, lead to the subsequent development of inter-inflammation and fibrosis. OPN was absent in OPN2/2 kidneys
stitial fibrosis [4–7]. The mechanisms responsible for in-but was increased in obstructed OPN1/1 kidneys. Macrophage
influx, measured by computer-assisted quantitative immuno- terstitial macrophage accumulation are largely unknown,
staining, was less in OPN2/2 mice compared to OPN1/1 mice but have been proposed to be the consequences of cross-
at day 4 (threefold, P , 0.02), day 7 (fivefold, P , 0.02), but reactive immunity between glomerular and tubular anti-
not at day 14. Interstitial deposition of types I and IV collagen
gens, the release of glomerular cytokines and growthwere also two- to fourfold less in obstructed OPN2/2 kidneys
factors during glomerular inflammation, the effects of(P , 0.02). There was also a reduction of TGF-b mRNA
proteinuria on tubules, and/or hemodynamic effects re-expression in the interstitium at day 7 (by in situ hybridization)
and a near significant 34% reduction in cortical TGF-b activity lated to increased peritubular capillary pressure or renal
(P 5 0.06) compared to obstructed OPN1/1 kidneys at day 14. ischemia [6, 7]. These events are thought to trigger the
Obstructed kidneys from OPN2/2 mice also had more intersti- release of chemotactic factors by tubular cells (such as
tial and tubular apoptotic cells (TUNEL assay) compared to chemokines and lipid chemotactic factors) and the ex-obstructed OPN1/1 mice at all time points. The ability of OPN
pression of leukocyte adhesion proteins (ICAM-1,to act as a cell survival factor was also documented by showing
VCAM) by tubular cells and peritubular capillaries [8]that the apoptosis of serum-starved NRK52E renal epithelial
cells was markedly enhanced in the presence of neutralizing that mediate the macrophage accumulation.
anti-OPN antibody. One protein that may be involved in the macrophage
Conclusion. OPN mediates early interstitial macrophage in- accumulation is osteopontin (OPN). OPN is a secreted,
flux and interstitial fibrosis in unilateral ureteral obstruction. RGD-containing acidic glycoprotein with cell adhesiveOPN may also function as a survival factor for renal tubuloin-
and migratory properties [9, 10]. OPN binds avidly toterstitial cells.
macrophages, mediates their adhesion in vitro, and OPN
injection into mice or rats induces a prominent macro-
phage infiltrate [11]. OPN is also expressed by tubularKey words: tubulointerstitial injury, macrophages, cell apoptosis,
fibrosis, unilateral ureteral obstruction. cells in various models of tubulointerstitial disease,
where it correlates with both the site and degree of mac-Received for publication November 6, 1998
rophage infiltration [12–15].and in revised form February 22, 1999
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have been reported. In this study, we examine the func- antirat IgG (Vector Laboratories, Burlingame, CA,
USA) at room temperature for 30 minutes;tional role of OPN in an experimental model of unilateral
ureteral obstruction (UUO) [16] in OPN null mutant (c) a biotinylated rabbit polyclonal antibody against
rat type IV collagen (which cross reacts with murine type(OPN2/2) mice and wild-type (OPN1/1) mice in which
the obstructed kidney develops tubular dilation and atro- IV collagen) (Becton Dickinson, Bedford, MA, USA)
at 48C overnight.phy, mononuclear cell infiltration, and interstitial fi-
brosis. (d) a guinea pig antirat type I collagen antibody (which
cross reacts with murine type I collagen) (gift of H. Sage)
followed by biotinylated goat antiguinea pig IgG (Vector
METHODS
Laboratories) [4].
Experimental animals Horseradish peroxidase conjugated avidin D (Vector
Laboratories) was used after all biotinylated antibodiesTargeted mutation of the murine Sppl gene coding for
OPN has been reported elsewhere [17]. Briefly, the Sppl at room temperature for 20 minutes. Black nuclear or
cytoplasmic staining was developed using diaminobenzi-gene was mutated by deletion of exons 4–7, leading to a
null mutation in OPN2/2 mice. Homozygous null mutant dine (DAB; Sigma Chemical Co., St. Louis, MO, USA)
with nickel as the chromogen and counterstained withmice were viable and fertile, and breeding pairs of a
(129/SvJ 3 Black Swiss) hybrid genetic background were methyl green.
established to generate the animals used in the present
Quantitation of macrophage infiltration, types I andstudy. Wild-type breeding pairs of the same (129/SvJ 3
IV collagen depositionBlack Swiss) background were used as controls. The
genotype of animals was confirmed by polymerase chain The degree of macrophage infiltration and types I and
IV collagen deposition in the kidney were assessed byreaction (PCR) analysis as previously described [17].
quantitative image analysis using Optimas 6.2 image
Experimental model of unilateral ureteral ligation analysis software [19]. Forty fields (0.1 mm2) were evalu-
ated in each biopsy. In each biopsy, the backgroundExperimental unilateral ureteral ligation resulting in
unilateral ureteral obstruction (UUO) was performed in negative staining was calibrated to zero, and the area in
each field of positive staining above the background level10- to 12-week-old OPN2/2 mice and OPN1/1 mice by
ligation of the left ureter of each animal at the uretero- was measured. The measurement was assessed by com-
puter analysis of the integrated logarithm of the inversepelvic junction after anesthesia (intraperitoneal injection
of ketamine and xylazine). Mice were sacrificed on days gray value, which is proportional to the total amount of
absorbing material in the light path. This system allowed4, 7, and 14 (N 5 5 at each time point), and renal biopsies
were obtained from each animal. Biopsies were fixed one to measure quantitatively the percentage area of
positive staining in each biopsy.in either formalin or methyl Carnoy’s solution (60%
methanol, 30% chloroform, and 10% acetic acid) and
Assay of total TGF-b (active and latent) in thewere embedded in paraffin [18]. UUO was also induced
renal cortexin additional 12- to 20-week-old OPN2/2 (N 5 14) and
OPN1/1 (N 5 4) mice, and the cortex of the obstructed For the preparation of cortical conditioned media,
pieces of cortical tissue were weighed in a petri dish andand the contralateral unobstructed kidneys were col-
lected at day 14 for transforming growth factor-b minced with a sharp blade into small pieces less than 1
mm in diameter, rinsed, and suspended in serum free(TGF-b) activity measurements (see below).
RPMI-1640 [20] (GIBCO, Grand Island, New York,
Renal morphology and immunohistochemistry USA) at a concentration of 10 mg tissue per milliliter.
After 24 hours of incubation, the conditioned mediaTo examine renal histology, 4-m sections were stained
with periodic acid and Schiff’s reagent (PAS) and coun- were harvested and centrifuged for five minutes at 48C.
The pellet was discarded and the supernatant was col-terstained with hematoxylin, and methenamine-silver.
To perform immunoperoxidase staining, tissue sections lected, aliquotted, and stored frozen at 2 708C until the
TGF-b bioactivity was assayed.were incubated with the following primary antibodies:
(a) a goat polyclonal antibody against osteopontin To examine the level of TGF-b bioactivity, we per-
formed a mink lung epithelial cell growth inhibition assay(OPN) [11], at 48C overnight, followed by a peroxidase-
conjugated monoclonal mouse antigoat IgG (Jackson [21]. In brief, mink lung epithelial cells were maintained
in Dulbecco’s modified Eagle’s medium, high glucose,Immuno-Research Laboratories, Inc., West Grove, PA,
USA) at room temperature for 30 minutes; (DMEM; GIBCO, Grand Island, NY) supplemented
with 10% fetal bovine serum (FBS). Subconfluent cells(b) a rat monoclonal IgG2b antibody (F4/80) against
mouse macrophages (Caltag Laboratories, Burlingame, were trypsinized, washed with DMEM, and resuspended
at 5 3 104 cells/ml in DMEM supplemented with 0.2%CA, USA) at 48C overnight, followed by a biotinylated
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FBS, 10 mmol/liter HEPES, pH 7.4, penicillin (24 U/ sciences). The presence of apoptotic cells was confirmed
by light microscopy (PAS), in which the apoptotic cellsml), and streptomycin (25 mg/ml). One milliliter of cells
was seeded in each well of 24-well dishes. After one were identified by their pyknotic nuclei and condensed
cytoplasm, as previously described [23].hour, 10 ml of the heat-activated (808C, 10 min) condi-
tioned media were added. After 22 hours of incubation, Quantitation of TUNEL positive cells was performed
in the tubulointerstitium. The number of TUNEL posi-the cells were pulsed with 2 mCi 3H-thymidine per well
for two to four hours at 378C. The cells were then washed tive cells in each biopsy was calculated in a blinded fash-
ion by counting the total number of positive tubular andthree times, fixed with trichloric acid (TCA), hydrolyzed
with sodium hydroxide, neutralized and counted in a interstitial cells in 40 sequentially selected 0.1 mm2 grids
in the renal cortex at 32006 magnification excluding theliquid scintillation counter to measure 3H-thymidine in-
corporation. To neutralize the TGF-b bioactivity, pan- medulla and expressed as the mean number of cells per
0.1 mm2.specific TGF-b antibody (R&D Systems Inc., USA) was
added at a concentration of 10 mg/ml. The TGF-b bioac-
In vitro apoptosis assaytivity was measured in quadruplicate for each cortical
sample and was expressed as the mean percentage inhibi- Normal rat epithelial cells, NRK52E [23] were ob-
tained from the American Type Culture Collectiontion of the thymidine incorporation that was reversible
by anti-TGF-b antibody compared to a control sample (ATCC, Rockville, MD, USA) and cultured in DMEM-
high glucose media containing 10% calf serum. Theseincluded in each assay. This assay measures both latent
and active TGF-b protein present in cortical samples. cells were previously shown to express osteopontin [24].
For survival studies, 6.6 3 105 NRK52E cells were plated
In situ hybridization for TGF-b1 into each chamber of a NUNC 2 chamber plastic slide
(Nagle Nunc, Rochester, NY, USA) in the presence ofA mouse transforming growth factor-b1 (TGF-b1)
cDNA clone (a gift of Dr. H.L. Moses, Vanderbilt Uni- 0.1% serum containing 200 mg/ml of BSA, normal goat
IgG, or OP199, a neutralizing anti-osteopontin antibodyversity, Nashville, TN, USA) was transcribed into 35S-
labeled antisense and sense cRNA probes. The probes [11, 25], or in 10% FCS alone. At 4, 8, 12 and 24 hours,
Hoesch stain at a final concentration of 4 mg/ml wascorrespond to 974 bp (421–1395 bp) of mouse TGF-b1.
In situ hybridization followed a method previously de- added to the slides and they were incubated for 30 min-
utes at 378C. At the end of the incubation, cells werescribed [22]. Briefly, formalin-fixed 4 mm tissue sections
were digested with 10 mg/ml proteinase K and hybridized rinsed with PBS and fixed with 4% paraformaldehyde
for 10 minutes. Cells were washed with PBS and cover-with 5 3 105 cpm of 35S-labeled cRNA probe. Overnight
incubation was followed by 2 3 SSC washes, then RNAse slipped using Vectashield (Vector, Burlingame, CA,
USA). Apoptotic cell frequency was determined byA digestion (20 mg/ml) for 30 minutes at 378C. Three
stringency washes comprising 0.1 3 SSC, 0.5% Tween counting the number of cells containing nuclei with fea-
tures of apoptosis (condensation and fragmentation) andat 508C were followed by dehydration and air drying. The
slides were dipped in photographic emulsion (Kodak total cells in four different fields or each time point, and
calculating the ratio of apoptotic/total cells as previouslyNTB2), exposed at 48C for four weeks and developed
with D-19 developer (Eastman Kodak Co., Rochester, described [26].
NY, USA) and counterstained with hematoxylin and
Statistical analysiseosin.
At each time point, quantitation of interstitial macro-
Apoptosis measured by the TUNEL assay phage infiltration, interstitial types I and IV collagen
deposition, and apoptosis were performed on individualApoptosis was measured in control and disease ani-
mals by the TUNEL assay as previously described [23]. animals, and expressed as mean 6 sem unless stated
otherwise. Statistical significance (defined as P , 0.05)Briefly, 4 mm formalin fixed sections were deparaffinized
and rehydrated in ethanol, followed by an antigen re- was evaluated by use of the Student’s t-test.
trieval step by boiling in citric acid (pH 6.0). Samples
were incubated with proteinase K (6.2 mg/ml; Boehringer
RESULTS
Mannheim, Indianapolis, IN, USA), followed by TdT
OPN2/2 and OPN1/1 mice have normal kidneys(300 enzyme units/ml; Pharmacia Biotech, Piscataway,
NJ, USA) and Bio-14-dATP (0.94 nm; Gibco BRL, OPN2/2 mice develop without apparent defects, and
have a wild-type phenotype in the absence of disease.Grand Island, NY, USA). Biotinylated ATP was de-
tected using the ABC staining method (Vector Labora- The kidneys from the OPN2/2 mutants grossly appear
similar to those from OPN1/1 mice. Light microscopictories Inc., Burlingame, CA, USA; following the manu-
facturer’s protocol). As a positive control, slides were and electron microscopic examinations of the kidney
showed normal structure of the kidney, that is, glomeruli,pretreated with DNAase (20 Kunitz units/ml; Sigma Bio-
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tubulointerstitium, and blood vessels (not shown). Renal
function tests (BUN and urine protein) were normal.
No OPN expression in uninjured and UUO
OPN 2/2 mice
Immunostaining for OPN in the kidneys of uninjured
OPN2/2 mice and OPN2/2 mice with UUO showed no
staining (Fig. 1 B, D). In contrast, there was baseline
expression of OPN in some proximal and distal corti-
cal tubules, and in Bowman’s capsules of uninjured
OPN1/1 mice (Fig. 1A). With UUO, there was a marked
increase in the expression of OPN by proximal and distal
tubular cells, and in parietal epithelial cells of Bowman’s
capsules in the obstructed kidneys of OPN1/1 mice (Fig.
1C). There was no increase in the expression of OPN in
the contralateral unobstructed kidneys of OPN1/1 mice,
compared to the kidneys from normal OPN1/1 mice (not
shown).
Decreased early macrophage influx in OPN2/2 mice
with UUO
A low grade infiltration of macrophages was present
in the interstitium in the normal kidneys of OPN2/2 and
OPN1/1 mice (data not shown). With UUO, there was
a significant and progressive increase in interstitial mac-
rophage infiltration with time in all obstructed OPN2/2
and OPN1/1 kidneys at all time points studied (Fig. 2),
compared to normal kidneys and contralateral unob-
structed kidneys. We assessed the degree of macrophage
infiltration by computer-assisted quantitative image
analysis. There was a marked decrease in interstitial mac-
rophage infiltration (percentage of macrophage staining-
positive area) in the obstructed kidneys of OPN2/2 mice
at day 3 (threefold, P 5 0.016) and day 7 (fivefold, P 5
0.016), compared to obstructed OPN1/1 mice (Fig. 2C).
At day 14, there was a decrease in interstitial macrophage
infiltration in the obstructed OPN2/2 kidneys, but it did
not reach statistical significance when compared to ob-
structed OPN1/1 mice (P 5 0.18). No increase in intersti-
tial macrophages was noted in the contralateral unob-
structed kidneys in either OPN2/2 or OPN1/1 mice with
UUO at all time points studied (data not shown).
Decreased types I and IV collagen deposition in the
interstitium of OPN2/2 mice with UUO
By PAS staining and methenamine-silver staining, un-
injured OPN2/2 and OPN1/1 mice had no evidence of
renal interstitial fibrosis. With UUO, a marked increase
in renal interstitial fibrosis (judged by both methena-
mine-silver staining and types I and IV collagen deposi-
tion) was observed in the obstructed kidneys of OPN2/2
Fig. 1. Osteopontin (OPN) expression in normal and obstructed kid-and OPN1/1 mice at days 7 and 14 (Fig. 3), compared to neys. In normal OPN1/1 kidneys, OPN is focally expressed in tubules
the uninjured kidneys and the contralateral unobstructed (A), and is increased markedly in obstructed kidneys (C). In con-
trast, OPN is not expressed in normal (B) or obstructed (D) kidneyskidneys. By computer-assisted quantitative image analy-
of OPN2/2 mice (immunoperoxidase, 3200).sis, the area of type I and type IV collagen deposition was
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Fig. 2. Interstitial macrophage accumulation in kidneys with unilateral
ureteral obstruction (UUO). Kidneys from OPN1/1 mice develop a
marked interstitial macrophage accumulation following obstruction (A)
that was less in OPN2/2 mice (B) (immunoperoxidase, 3200). The
difference in macrophage accumulation was significant at days 4 and 7
when quantitated by computer assisted image analysis (C ). Symbols
are: (2222) OPN1/1; ( ) OPN2/2.
decreased by two- to fourfold in the obstructed OPN2/2 OPN2/2 and OPN1/1 mice with UUO. However, a pro-
gressive and marked increase in the number of totalkidneys, compared to obstructed OPN1/1 kidneys at days
7 and 14 (Fig. 3). TUNEL positive cells in the renal tubulointerstitium of
the obstructed OPN2/2 kidneys was present, compared
Renal TGF-b activity and mRNA expression to the obstructed OPN1/1 kidneys at all time points stud-
ied (P , 0.05, Fig. 5) and was confirmed by light micros-The effect of UUO on renal TGF-b mRNA localiza-
tion and TGF-b protein bioactivity was examined. Total copy. The increase in apoptosis in OPN2/2 mice was
observed in both interstitial cells and tubular cells.TGF-b (latent and active) bioactivity in renal cortical
tissue extracts was markedly increased in both ob- The increase in TUNEL positive cells in OPN2/2 mice
could be due to either an increase in the number ofstructed OPN2/2 and OPN1/1 kidneys compared to un-
obstructed controls at day 14 (Table 1). However, TGF-b apoptotic cells, or could reflect decreased clearance of
apoptotic cells due to the reduction in macrophage infil-bioactivity was 34% lower in OPN2/2 versus OPN1/1
mice with obstruction, which approached but did not tration, as macrophages are known to have a major role
in the clearance of apoptotic cells [27]. However, whenreach statistical significance (Table 1; P 5 0.06). The
expression of TGF-b mRNA was also examined by in the number of interstitial macrophages was correlated
with the number of TUNEL positive cells (N) in thesitu hybridization. An increase in TGF-b mRNA was
observed in the tubules and the interstitium of obstructed OPN2/2 mice, no correlation was observed (P 5 NS).
This suggests that the increased apoptosis could not beOPN2/2 and OPN1/1 kidneys (Fig. 4). At day 7 there
appeared to be substantially more TGF-b mRNA in accounted for by a decrease in macrophages, and sug-
gests that OPN may act as a survival factor for the tubularthe interstitium of obstructed OPN1/1 as opposed to
OPN2/2 kidneys, particularly in focal areas around in- and interstitial cells.
jured tubules (Fig. 4). No difference in TGF-b mRNA
Osteopontin is a survival factor for renal tubularexpression was noted at day 14.
epithelial cells
Increased tubulointersitial cell apoptosis in OPN2/2 To determine whether or not OPN is a survival factor
mice with UUO for renal epithelial cells in vitro, NRK52E cells, a rat
renal epithelial cell line previously shown to expressBy TUNEL assay there was no difference in apoptosis
in the kidneys of uninjured OPN2/2 and OPN1/1 mice OPN [24], were treated with neutralizing antibodies
against OPN. As shown in Figure 6, treatment of renaland in the contralateral unobstructed kidneys of
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Fig. 3. Types I and IV collagen immunostaining in kidneys with UUO. Both types IV (A) and type I (C) collagen deposition were increased in
obstructed OPN1/1 kidneys (A), but were less in obstructed OPN2/2 kidneys (B and D, respectively) (immunoperoxidase, 3200), as documented
by computer assisted image analysis (E, F). Symbols are: (h) OPN1/1; (j) OPN2/2.
Table 1. Transforming growth factor-b biactivity in renal cortex pected, the addition of serum to the cultures decreased
the apoptotic frequency, consistent with the presence ofUnobstructed OPN2/2 mice 0% N53
Unobstructed OPN1/1 mice 15% N52 survival factors in serum. Thus, these data support the
Obstructed OPN2/2 mice 7069% N514 in vivo findings and indicate that OPN is a survival factorObstructed OPN1/1 mice 10564% N54
for renal epithelial cells.
Abbreviation: OPN is osteopontin.
DISCUSSION
The pathophysiological function of OPN in the kidneyepithelial cells with anti-osteopontin antibody dramati-
was investigated in this study. OPN is constitutively ex-cally increased the susceptibility of these cells to apopto-
pressed in some distal renal tubules in normal kidneys,sis induced by serum deprivation. In contrast, cells
and is found in the urine where it may play a role intreated with bovine serum albumin (BSA) and normal
goat IgG showed low levels of apoptotic cells. As ex- regulating mineral precipitation [28, 29]. In several mod-
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Fig. 4. Transforming growth factor-b (TGF-
b) mRNA localization by in situ hybridization
in mice with UUO. Minimal TGF-b mRNA
is present with localization to occasional inter-
stitial cells (arrow) in the renal cortex of nor-
mal mice (A). A marked increase in TGF-b
mRNA (dense black granules) is noted in the
tubules and interstitium of obstructed OPN1/1
mice, especially in the interstitial areas around
the dilated tubules (B). Obstructed OPN2/2
mice had less TGF-b mRNA despite compara-
ble tubular dilation (C). Hybridization with
sense control resulted in only background sig-
nal (D) (A, 3700; B-D, 3420).
els of glomerular and tubulointerstitial injury, tubular III, and IV collagen, fibronectin, and heparan sulfate
proteoglycans) [32] and TGF-b, a potent fibrogenic cyto-OPN expression is markedly increased [12–15]. The in-
creased expression of OPN in the tubules correlates with kine [33]. The interstitial fibrosis is also mediated by
angiotensin II [34]. This may be relevant to the presentthe degree and site of interstitial macrophage infiltration
and the development of interstitial fibrosis [12–15]. OPN study, as angiotensin II infusion stimulates OPN expres-
sion in cortical tubules in vivo [12]. Blocking angiotensinhas been shown to mediate macrophage adhesion in vitro
[29], and can interact with avb3, other integrins [30], and II formation utilizing converting enzyme inhibitors also
reduces OPN protein expression and macrophage infil-CD44 [31], all of which are potentially expressed by
infiltrating macrophages. OPN injected subcutaneously tration in the UUO model [35]. Angiotensin II also stim-
ulates TGF-b directly in renal tubular cells in vitro [36].in mice also induces a macrophage-rich infiltrate [11,
29]. This suggests that OPN may act as a macrophage Although these studies suggest that OPN may have a
role in mediating macrophage accumulation and tubulo-adhesive/chemotactic factor in tubulointerstitial disease.
To investigate this possibility, we utilized mice with a interstitial fibrosis in the UUO model, evidence for this
was provided in the current study. OPN2/2 mice withtargeted disruption of the Sppl gene encoding OPN.
These mice undergo normal embryonic development and UUO had significantly reduced macrophage infiltration
in their tubulointerstitium at the early time points (daysappear indistinguishable from wild-type littermates at
birth [17]. The kidneys from these mice have normal 4 and 7) compared to wild-type controls. Whether or
not the OPN is directly mediating the macrophage accu-structure and function, despite the complete absence of
OPN expression when examined by immunohistochem- mulation, as suggested by in vitro studies [29, 35] or is
acting indirectly by stimulating another chemoattractantistry (Fig. 1) or PCR analysis [17].
The experimental model of unilateral ureteral obstruc- or adhesive factor was not determined in this study.
The observation that OPN acts only on stimulating earlytion (UUO) is an excellent model of renal tubulointersti-
tial inflammation and fibrosis [16]. The model is charac- macrophage infiltration suggests that other chemotactic
factors (such as MCP-1) or adhesive proteins (such asterized by an increase in mononuclear cell infiltrate with
proliferation of interstitial cells within the first few days ICAM-1) have important roles in the leukocyte accumu-
lation in these models.after ureteral ligation. The macrophage infiltration oc-
curs principally around tubules that are expressing OPN A particularly important study on the role of OPN in
renal inflammation was recently reported by Yu et alde novo [15]. Within 7 to 14 days, the obstructed kidney
develops interstitial fibrosis with the increased renal syn- [37]. These investigators reported that neutralizing anti-
OPN antibodies reduced both glomerular and tubuloin-thesis of several extracellular matrix proteins (types I,
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terstitial macrophage infiltration and injury in a rat
model induced by antiglomerular basement membrane
antibody. The reduction in glomerular injury appeared
to be due in part to a decrease in the cell-mediated
immune response to the injected antibody, which is of
interest as OPN is expressed by activated T cells [29].
Some of the reduction in renal injury may also have been
due to local inhibition of OPN within the glomerulus
and tubulointerstitium. However, much of the improve-
ment in the tubulointerstitial disease almost certainly
was the consequence of less glomerular injury and pro-
teinuria [37]. Thus, while the study by Yu et al clearly
demonstrates an important role for OPN in mediating
renal inflammation, the current study presents the first
direct evidence that local OPN expression mediates tu-
bulointerstitial inflammation and fibrosis.
The second major finding was that both types I and
IV collagen deposition were reduced in the OPN2/2 mice
with obstruction. The reduced collagen deposition ob-
served by immunostaining in OPN2/2 mice was likely a
consequence of the reduction in the macrophage infil-
tration, as analysis in individual animals showed a modest
correlation of macrophages with types I and IV collagen
deposition (data not shown). Furthermore, this observa-
tion is consistent with other studies in which the reduc-
tion of macrophages (by other means) was also associ-
ated with a reduction in interstitial fibrosis [reviewed
in 38].
The mechanism by which the macrophage induces tu-
bulointerstitial fibrosis is unknown. Macrophages have
numerous functions including phagocytosis, antigen pre-
sentation, and production and secretion of cytotoxic sub-
stances, such as proteolytic enzymes, reactive oxygen
species, nitric oxide, soluble Fas ligand, proinflammatory
cytokines (IL-1, TNF-a, and IL-6), and fibrogenic cyto-
kines (TGF-b, platelet-derived growth factor, and plate-
let activating factor) [reviewed in 38]. TGF-b is particu-
larly relevant as it has been implicated as a major
fibrogenic cytokine in both tubulointerstitial fibrosis and
glomerulosclerosis [6, 39]. It is of interest that total
TGF-b (active and latent) bioactivity was relatively re-
duced (P 5 0.06) in the renal cortex of OPN2/2 mice
(at day 14) and that TGF-b mRNA was also reduced by
in situ hybridization (at day 7). It is possible that the
reduction in TGF-b in OPN2/2 mice could account for
the decreased tubulointerstitial fibrosis observed.
Whereas these findings suggest that OPN is primarily
a mediator of tubulointerstitial inflammation and fibrosis
in this model, a third major and unexpected finding was
that apoptosis (as identified by TUNEL positive cells)Fig. 5. Apoptosis is increased in kidneys in mice with UUO. By
TUNEL assay an increase in apoptotic cells was observed in both the was increased in the tubular and interstitial cells in the
tubules and interstitium of OPN1/1 (A) and OPN2/2 (B) mouse kidneys OPN2/2 mice. The specific type of interstitial cells under-
with UUO (magnification 3420). Obstructed kidneys of OPN2/2 mice
going apoptosis could not be identified, but could theo-(j) had greater tubular (C), and interstitial (D) apoptotic cells com-
pared to obstructed kidneys of OPN1/1 (h) mice. retically represent either interstitial fibroblasts or the
macrophages themselves.
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Fig. 6. Apoptosis is increased in serum-
starved renal tubular epithelial cells in which
osteopontin is inhibited. Rat renal tubular epi-
thelial cells (NRK52E) were serum-starved
and the amount of apoptosis (identified by
Hoechst stain) measured at 4, 8, 12 and 24
hours. Apoptosis was markedly increased in
cells incubated with neutralizing anti-OPN an-
tibody (j; OP199) as compared with BSA
( ), normal goat IgG (h; ngIgG) or cells
reconstituted with 10% serum ( ; CS).
Apoptosis of tubular cells has been previously docu- important mediator of macrophage accumulation and
mented in several models of tubulointerstitial disease tubulointerstitial fibrosis in the ureteral obstruction
[40, 41], including ureteral obstruction [42]. In these model. Other adhesive/chemotactic proteins are also
models apoptosis has been considered to be a deleterious likely to be involved in the disease process. Interestingly,
mechanism which leads to progressive tubular cell loss OPN may also act as a survival factor for both tubular
and fibrosis. and interstitial cells. However, the overall effect of OPN
The observation that OPN2/2 mice with UUO have in this model appears to be proinflammatory and profi-
an increase in apoptosis of tubular cells could have at brotic.
least two explanations. The first possibility is that the
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APPENDIXsecond possibility is that OPN could act as a survival
Abbreviations used in this article are: FBS, fetal bovine serum;factor for tubular cells. This concept was supported by
ICAM-1, intercellular adhesion molecule-1; MCP-1, monocyte chemo-
the in vitro studies showing that serum-starved renal tactic protein-1; OPN, osteopontin; OPN2/2, OPN null mutant;
OPN1/1, OPN wild-type; PAS, periodic acid and Schiff stain; RGD,bubular (NRK52E) epithelial cells undergo a marked
arginine-glycine-aspartate; TGF-b, transforming growth factor-b;increase in apoptosis when incubated with neutralizing
UUO, unilateral ureteral obstruction; VCAM, vascular cell adhesion
anti-OPN antibody [43, 44]. OPN has also been shown molecule.
to promote fetal tubular cell development in culture [45],
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